A study was performed to evaluate the effects of storing three commercially available phytase products for 90 d, simulating summer conditions on phytase stability, growth performance, and bone mineralization of nursery pigs. The phytase products [HiPhos GT (20,000 FYT/g, DSM Nutritional Products, Parsippany, NJ); Axtra Phy TPT (20,000 FTU/g, Dupont, Wilmington, DE); and Quantum Blue G (40,000 FTU/g, AB Vista, Plantation, FL)] were left as pure forms or blended in a vitamin and trace mineral (VTM) premix for a 90 d period in an environmentally controlled chamber set at 85°F and 75% humidity. Sampling occurred on d 0, 30, 60, and 90 of storage. Regardless of phytase source and form (pure or VTM), there were linear decreases (P < 0.001) in retained phytase activities as the duration of storage increased. At the end of the 90-d storage period, the retained phytase activities ranged from 41 to 60% when phytases were in a pure form and from 38 to 54% when they were in a concentrated VTM premix. For the growth trial, a total of 300 nursery pigs (DNA 241 × 600; DNA) with an initial pen average body weight (BW) of 25.9 lb were used. Pigs were randomly allotted to pens at weaning and fed common diets for 21 d. For 4 d prior to the initiation of the trial, all pigs were fed a common diet deficient in phosphorus (0.12% available phosphorus, aP). At d 0 of the trial, the pens of pigs were randomly assigned to 1 of 8 dietary treatments in a randomized complete block design, with BW used as a blocking factor. There were 4 or 5 pigs per pen and 8 pens per treatment. Experimental diets were formulated to contain 0.12% aP (negative control, NC) or 0.27% aP (positive control, PC) supplied by an inorganic P; or the 0.12% aP diet with added phytase to provide the activity recommended by the manufacturer of each phytase source to release 0.15% aP. These diets were manufactured with each phytase source previously stored either in a pure form or in a VTM premix for 90 days. On d 21 of the study, one pig per pen was euthanized and the right fibula and femur were collected for percentage bone ash calculations. Overall, pigs fed the PC diet had greater (P < 0.001) average daily gain (ADG) compared to pigs fed Axtra Phy stored in a VTM premix for 90 days or the NC diet, with other treatments intermediate. Average daily feed intake was similar across the PC, the phytases stored for 90 days in pure forms, and the HiPhos and Quantum Blue stored for 90 d in a VTM premix, and greater (P < 0.001) than pigs fed the NC. Pigs fed the PC or the HiPhos stored for 90 d in a pure form had improved (P < 0.001) feed efficiency (F/G) compared to pigs fed the NC diet, with the remaining treatments intermediate. Final BW was similar across all added phytase treatments and the PC, which were all greater (P < 0.001) than the NC. Bone mineralization was greater (P < 0.001) for pigs fed the PC diet compared to the NC, the phytases that were stored for 90 d in a VTM premix, and the Axtra Phy and Quantum Blue stored for 90 d in a pure form, with HiPhos stored in a pure form for 90 d intermediate. In conclusion, this study indicates that regardless of phytase source and form (pure or VTM premix), phytase activity decreases as duration of storage in high temperature and high humidity conditions increases for up to 90 d. Pigs fed PC diets consistently had increased growth performance and bone mineralization compared to pigs fed the other dietary treatments. However, F/G and bone ash of pigs fed HiPhos stored for 90 d in a pure form were similar to results for pigs fed the PC diet, with pigs fed the other phytase treatments intermediate.
Summary
A study was performed to evaluate the effects of storing three commercially available phytase products for 90 d, simulating summer conditions on phytase stability, growth performance, and bone mineralization of nursery pigs. The phytase products [HiPhos GT (20,000 FYT/g, DSM Nutritional Products, Parsippany, NJ); Axtra Phy TPT (20,000 FTU/g, Dupont, Wilmington, DE); and Quantum Blue G (40,000 FTU/g, AB Vista, Plantation, FL)] were left as pure forms or blended in a vitamin and trace mineral (VTM) premix for a 90 d period in an environmentally controlled chamber set at 85°F and 75% humidity. Sampling occurred on d 0, 30, 60, and 90 of storage. Regardless of phytase source and form (pure or VTM), there were linear decreases (P < 0.001) in retained phytase activities as the duration of storage increased. At the end of the 90-d storage period, the retained phytase activities ranged from 41 to 60% when phytases were in a pure form and from 38 to 54% when they were in a concentrated VTM premix. For the growth trial, a total of 300 nursery pigs (DNA 241 × 600; DNA) with an initial pen average body weight (BW) of 25.9 lb were used. Pigs were randomly allotted to pens at weaning and fed common diets for 21 d. For 4 d prior to the initiation of the trial, all pigs were fed a common diet deficient in phosphorus (0.12% available phosphorus, aP). At d 0 of the trial, the pens of pigs were randomly assigned to 1 of 8 dietary treatments in a randomized complete block design, with BW used as a blocking factor. There were 4 or 5 pigs per pen and 8 pens per treatment. Experimental diets were formulated to contain 0.12% aP (negative control, NC) or 0.27% aP (positive control, PC) supplied by an inorganic P; or the 0.12% aP diet with added phytase to provide the activity recommended by the manufacturer of each phytase source to release 0.15% aP. These diets were manufactured with each phytase source previously 1 Appreciation is expressed to DSM Nutritional Products Inc. for their technical expertise and partial funding for this project. 
Introduction
Exogenous phytases are routinely included in swine diets to break down and release the phosphates from phytate phosphorus (P) found in most feed ingredients of plant origin. This is an economical way to help increase the P availability while also being beneficial for the environment as phytases help to reduce P excretion. 4 However, as with any catalytic proteins, phytases are subjected to denaturation reactions. Exposure to heat, moisture, and mechanical pressure can lead to such reactions and cause irreversible loss of phytase activity. 5, 6 Previous work has shown that the form of the product can also affect efficacy of phytase. 7 Sulabo et al. 7 demonstrated that a pure phytase source stored in ambient temperatures greater than 73.4°F with high humidity is detrimental to the stability of this enzyme. Moreover, the authors also observed loss of phytase activity as duration of storage increased up to 360 d when the enzyme was blended in a vitamin and trace mineral (VTM) premix. This suggests that not only heat and humidity, but also interactions with components of VTM premixes can increase the degradation of phytase.
The value of a phytase product relies on its ability to increase the amount of P available to the pig, which is dependent on its efficacy and stability. usually determined at the time it is manufactured, not at the time of use. Therefore, the objective of this study was to determine the effects of a 90-d storage period under high temperature and high humidity conditions for three commercially available phytase products stored in pure forms or in a VTM premix on phytase stability, and on growth performance, and bone mineralization of nursery pigs.
Procedures
The Kansas State University Institutional Animal Care and Use Committee approved the protocol used in this experiment. The storage part of the study was conducted at the Bioprocessing and Industrial Value Added Program Building at Kansas State University, and the growth part of the study was conducted at the Kansas State University Swine Teaching and Research Center in Manhattan, KS.
Three commercially available phytases were used in this experiment: HiPhos GT (20,000 FYT/g, DSM Nutritional Products, Parsippany, NJ); Axtra Phy TPT (20,000 FTU/g, Dupont, Wilmington, DE); and Quantum Blue G (40,000 FTU/g, AB Vista, Plantation, FL). The three phytase sources were included as part of cornsoybean meal-based swine diets. The amount added for each phytase product was determined such that including 0.15% VTM premix in the diet would provide the activity of phytase recommended by the manufacturer to release 0.15% available P (1,000 FYT/kg feed for HiPhos, 651 FTU/kg feed for Axtra Phy, and 500 FTU/kg feed for Quantum Blue). Thus, the inclusion rate of each phytase product per ton of feed was 0.1000, 0.0651, and 0.0250 lb of HiPhos, Axtra Phy, and Quantum Blue, respectively.
Each phytase product was added to a concentrated phytase-free VTM premix (Table 1) to create 20-lb batches by mixing for 5 min in a paddle mixer. The phytase-free VTM premix, the three pure phytase products, and the three batches of VTM premix with each phytase were bagged into single-lined paper bags. They were stored for 90 d in an environmentally-controlled chamber set at 85°F and 75% humidity. A total of six samples from each bag were taken on d 0, 30, 60, and 90 of storage, except for the phytase-free VTM premix, which was only sampled on d 90. Before sampling, each bag was mixed to ensure that a representative sample was collected. Each sample was assigned with a code so as not to be identified and sent immediately after collection to the Technical Marketing Analytical Services of DSM Nutritional Products Inc. (Belvidere, NJ) for phytase analysis using a slight modification of AOAC official method 2000.12. 8,9,10 Results were sent back to K-State with the assigned codes, which were linked to the product source for statistical analysis.
For the growth study, 300 nursery pigs (241 × 600; DNA, Columbus, NE) were used in a 21-d trial. Pigs were weaned at approximately 21 d of age, and allotted to pens of 4 or 5 pigs according to initial BW and gender upon entry in the nursery. Each pen was equipped with a 4-hole, dry self-feeder and a cup waterer to provide ad libitum access to feed and water. At weaning, pigs were fed a common pelleted phase 1 diet and a common meal phase 2 diet for 21 d. Four days prior to the initiation of the trial, all pigs were fed a common diet deficient in phosphorus (0.12% aP). At d 0 of the trial (initial pen average BW of 25.9 lb), the pens of pigs were randomly assigned to 1 of 8 dietary treatments in a randomized complete block design. There were 8 replicate pens per treatment and BW was used as the blocking factor.
The eight experimental treatments consisted of: a negative control (NC); a positive control (PC); HiPhos; Axtra Phy, or Quantum Blue stored for 90 d in a pure form; and HiPhos, Axtra Phy, or Quantum Blue stored for 90 d in a VTM premix form. The NC and PC diets were formulated with the inclusion of 0.15% phytase-free VTM premix. They were formulated to 0.12 and 0.27% aP, respectively, achieved with the inclusion of inorganic P provided by monocalcium phosphate. The remaining treatments were formulated to 0.27% aP, which were achieved with 0.12% aP from inorganic P and 0.15% aP released from each phytase product. Two VTM premixes were made for each phytase source. One VTM premix was made at the beginning of the study prior to storage, and one VTM premix was with the pure products after 90 d of storage. The same amount of pure product was added to each VTM within phytase source. The amount added for each phytase product was determined to provide the activity of phytase recommended by the manufacturer to release 0.15% aP (1000 FYT/kg feed HiPhos, 651 FTU/kg feed Axtra Phy, and 500 FTU/kg feed Quantum Blue).
All experimental diets were manufactured at the Kansas State University O.H. Kruse Feed Technology Innovation Center, Manhattan, KS. A total of 3 samples of corn, soybean meal, and monocalcium phosphate used in the diets were analyzed for P in duplicate (Ward Laboratories, Inc., Kearney, NE). The average of the six lab results for each ingredient was used for diet formulation. Dietary treatments were derived from 8, 1-ton basal batches (Table 4 ). After manufacturing, each basal batch was bagged off into 8 separate tons. For each experimental diet, a subset of bags (50 lb each) from each batch of the basal diet was added to the mixer along with treatment-specific ingredients to achieve the final dietary treatments (Table 5 ). Dietary treatments were fed in meal form for 21 d. Pens of pigs were weighed and feed disappearance was recorded on d 0, 7, 14, and 21 to determine ADG, ADFI, and F/G. Diet samples were taken from 6 feeders per dietary treatment in the first and third weeks of the trial. These samples were combined to create a composite sample in the first and third weeks of the trial, and 4 subsamples of the composite samples from each diet were immediately sent to the Technical Marketing Analytical Services of DSM Nutritional Products Inc. (Belvidere, NJ) and New Jersey Feed Laboratory Inc. (Trenton, NJ) for phytase analysis. The remaining of the composite samples were stored at -20°C. Subsequently, subsamples were sent to Ward Laboratories, Inc. (Kearney, NE) and analyzed for dry matter, crude protein, ether extract, calcium, and phosphorus.
On d 21 of the study, pigs with body weights closest to the average pen weights were selected and euthanized via captive bolt. The right fibula and femur were removed from euthanized pigs to determine percentage bone ash criteria. Bones were individually placed in a plastic bag with a permanent identification tag within the bag and stored at Swine Day 2018 -20°C until analysis. On the day of processing, bones were autoclaved for one hour at 121°C. Femurs and fibulas were cleaned of extraneous soft tissue and placed in a 105°C drying oven for 7 d to determine the dry weight. Bones were then ashed in a muffle furnace at 600°C for 24 h to determine the total ash weight and percentage ash. Ash is expressed as a percentage of dried bone weight.
The study consisted of a randomized complete block design, with pen as the experimental unit and BW as the blocking factor. Statistical models were fitted using the GLIMMIX procedure of SAS (Version 9.3, SAS Institute Inc., Cary, NC). Least square means were calculated for each response variable. When treatment was a significant source of variation, differences were determined by using the preplanned pairwise comparisons (PDIFF option of SAS) using the Tukey-Kramer adjustment. In addition, a non-orthogonal contrast was built to compare storing phytases in the pure form with storage in VTM premixes. Results were considered significant at P ≤ 0.05 and marginally significant at 0.05 < P ≤ 0.10.
Results and Discussion

Storage Period
The calculated and analyzed phytase activities of the samples on d 0, 30, 60, and 90 of storage are shown in Table 2 . Based on the AOAC assay, analyzed phytase activities of HiPhos, Axtra Phy, and Quantum Blue in pure forms were 115, 77, and 94% of their minimum guaranteed phytase activity according to their labels on d 0 prior to storage, respectively. When the phytases were mixed in a VTM premix, the analyzed phytase activities were 109, 89, and 103% of their minimum guaranteed phytase activity according to their labels on d 0 prior to storage for HiPhos, Axtra Phy, and Quantum Blue, respectively. Regardless of phytase source and form (pure or VTM), there were linear decreases (P < 0.001) in phytase activity as the duration of storage increased up to d 90. The retained activities ranged from 41 to 60% when phytases were stored in a pure form for 90 d, and from 38 to 54% when they were stored in a concentrated VTM premix for 90 d.
The calculated and analyzed phytase activities of the feed samples collected on the first or third week of the growth trial are shown in Table 3 . As expected, the NC and PC treatments had phytase lower than the detection limit of the assay. The analyzed phytase activity of feed samples in the first and third week of the growth trial of HiPhos, Axtra Phy, and Quantum Blue treatments stored for 90 d as pure products ranged between 76 to 80, 94 to 72, and 51 to 53% of their calculated activity to release 0.15% aP based on the label minimum guaranteed activity on d 0 prior to storage, respectively. When they were stored for 90 d in a VTM premix, the analyzed phytase activity in the first and third week of the growth trial ranged from 89 to 73, 84 to 71, and 60 to 55% of their calculated phytase activity to release 0.15% aP based on the label minimum guaranteed activity on d 0 prior to storage for HiPhos, Axtra Phy, and Quantum Blue, respectively. These ratios were greater than expected considering the retained activity after the 90 d duration of storage. However, analysis of phytase in final diets is typically more difficult and variable than phytase activity analysis in concentrated products; therefore, we assume the difference is due to analytical variation or difficulties with analyzing the phytase in a feed matrix.
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Growth Trial Period Diet analysis of dry matter, crude protein, fat, and P (Table 6) showed that values were reasonably consistent with formulated estimates. Average values of analyzed calcium concentrations were slightly greater than the formulated values; however, they followed similar patterns as the designed treatment structure.
Overall, pigs fed the PC diet had greater ADG compared to pigs fed Axtra Phy stored for 90 d in a VTM premix or the NC diet, with other treatments intermediate (Table 7 , P < 0.001). Average daily feed intake was similar across the PC, the phytases stored for 90 d in pure forms, and the HiPhos and Quantum Blue stored for 90 d in a VTM premix form, and greater than the NC (P < 0.001). Pigs fed the PC or the HiPhos stored for 90 d in a pure form had improved F/G compared to pigs fed the NC diet, with the remaining treatments intermediate (P < 0.001). Final BW was similar for pigs fed the PC diet or all added phytase treatments and greater than the NC (P < 0.001).
Percentage ash of femur samples was greater for pigs fed the PC diet compared to the NC, Quantum Blue stored for 90 d in a pure form, and Axtra Phy and Quantum Blue stored for 90 d in a VTM premix, with other treatments intermediate (P < 0.001). For fibula samples, pigs fed the PC diet had greater percentage ash compared to Quantum Blue stored for 90 d in a VTM premix and the NC diets, with all the remaining treatments intermediate (P < 0.001). Because there was no evidence of a bone type by treatment interaction (P = 0.548), the main effect of bone ash was evaluated. Bone mineralization was greater for pigs fed the PC diet compared to the NC, the three phytases stored for 90 d in a VTM premix, and Axtra Phy and Quantum Blue stored for 90 d in a pure form, with HiPhos stored for 90 d in a pure form intermediate (P < 0.001).
A specific preplanned, non-orthogonal contrast was completed to compare storage of phytases in pure form versus storage in VTM premixes (Table 7) . No evidence of significant differences (P > 0.10) was observed when comparing the average of the three phytases sources stored for 90 d in pure form to the average of the three phytase sources stored for 90 d in VTM for any response criteria.
In conclusion, this study indicates that regardless of phytase source and form (pure or VTM), phytase activity decreases as duration of storage in high temperature and humidity conditions (85°F and 75% humidity) increase for up to 90 d. Pigs fed PC diets consistently had increased growth performance and bone mineralization compared to pigs fed the other dietary treatments. However, F/G and bone ash of pigs fed HiPhos stored for 90 d in a pure form were similar to results for pigs fed the PC diet, with the other phytase treatments intermediate. The negative control diet was formulated to 0.12% aP provided by monocalcium phosphate. 5 The positive control diet was formulated to 0.27% aP provided by monocalcium phosphate. 6 The three sources of phytase (Hiphos, Axtra Phy, and Quantum Blue) were added to the diets to release 0.15% aP. They were stored in a pure form for 90 days in an environmental chamber (85°F and 70% humidity) before diet manufacturing. The three sources of phytase (Hiphos, Axtra Phy, and Quantum Blue) were added to the diets to release 0.15% aP. They were mixed in a phytase-free VTM premix and stored for 90 days in an environmental chamber (85°F and 70% humidity) before diet manufacturing. The three sources of phytase (Hiphos, Axtra Phy, and Quantum Blue) were mixed in a phytase-free VTM premix and stored for 90 days in an environmental chamber (85°F and 70% humidity) before diet manufacturing. 3 Sand was used to equalize inclusion rates of experimental ingredients. 4 The negative and positive control diets were formulated with a phytase-free VTM premix. For the other treatments, the amount added for each phytase product was determined such that including 0.15% VTM premix in the diet would provide the activity of phytase recommended by the manufacturer to release 0.15% available P (1000 FYT/kg feed HiPhos, 651 FTU/kg feed Axtra Phy, and 500 FTU/kg feed Quantum Blue). A total of 300 pigs (DNA, 241 × 600, initial pen average body weight 25.9 lb) were used in a 21-d growth study with 4 or 5 pigs per pen, and 8 pens per treatment. All pigs were fed a diet deficient in phosphorus (0.12% aP) for 4 days prior to the initiation of the trial. 2 ADG = average daily gain. ADFI = average daily feed intake. F/G = feed-to-gain ratio. 3 The negative control diet was formulated to 0.12% aP provided by monocalcium phosphate. 4 The positive control diet was formulated to 0.27% aP provided by monocalcium phosphate.
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The three sources of phytase (Hiphos, Axtra Phy, and Quantum Blue) were added to the diet in order to release 0.15% aP for a 0.15% premix inclusion in the diet. They were stored for 90 days in a pure form in an environmental chamber (85°F and 70% humidity) before diet manufacturing. 6 The three sources of phytase (Hiphos, Axtra Phy, and Quantum Blue) were added to the diet in order to release 0.15% aP for a 0.15% premix inclusion in the diet. They were stored for 90 days in a VTM premix form in an environmental chamber (85°F and 70% humidity) before diet manufacturing. 7 The interaction term between phytase source (HiPhos, Axtra Phy, Quantum Blue) and storage form (VTM premix and pure product) was tested; however, no significant interactions were observed for any response criteria. 8 All possible pairwise comparisons were protected by the Tukey-Kramer adjustment. Different superscripts within a column differ. 9 This contrast compared the average of the three phytase sources stored for 90 in pure form to the average of the three phytase sources stored for 90 d in VTM premix. 10 The interaction term between dietary treatment and bone type (femur or fibula) was tested, but the interaction was not statistically significant. Thus, bone means were combined for the analysis.
